Objectives: Using a family study design, we describe the motor and nonmotor phenotype in probands with LRRK2 G2019S mutations and family members and compare these individuals to patients with idiopathic Parkinson disease (iPD) and unrelated controls.
Mutations in the LRRK2 gene are responsible for approximately 5% of familial and 1%-2% of sporadic Parkinson disease (PD) in most European populations studied. The phenotype of LRRK2-associated PD has been described as indistinguishable from idiopathic PD (iPD) with minor exceptions. 1 The similarities include both motor and nonmotor phenomena. Estimates of penetrance vary widely but the penetrance of the most common G2019S mutation is clearly incomplete. 2 Currently, it is not possible to predict who among unaffected carriers of mutations will develop PD in the future. There is increasing evidence that the earliest abnormalities in PD are outside the motor system. 3 Studying premotor signs during life is hampered by an inability to identify individuals prior to the development of parkinsonism. The discovery of LRRK2 mutations provides an opportunity to study premotor PD and gain insight into the 
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Supplemental data at www.neurology.org Scan this code with your smartphone to access this feature spectrum of neurologic abnormalities that precede parkinsonism. By assessing nonmotor signs that have been associated with iPD we may be able to identify those at highest risk. This would not only be important for counseling but also for future testing and use of neuroprotective interventions. Currently, little is known about nonmotor features in LRRK2 mutation carriers without parkinsonism. We undertook a detailed evaluation of probands and family members with LRRK2 G2019S mutations in order to describe the motor and nonmotor phenotype and to compare these individuals to patients with iPD and unrelated controls.
METHODS Recruitment. Probands with LRRK2 G2019S mutations from movement disorders clinics in 3 centers (Toronto Western Hospital Movement Disorders Centre in Toronto, Canada; The Parkinson's Institute in Sunnyvale, CA; and the State of Parana Parkinson's Association in Curitiba, Brazil) were identified through genetic testing of clinic patients with PD who had a family history or age at onset less than 50. Probands with LRRK2 mutations from the fourth participating center (Lübeck, Germany) were identified through unselected screening of consecutive patients with PD. For comparison purposes, patients with idiopathic PD (iPD) meeting Queen Square Brain Bank criteria for PD and individuals without neurologic disease who do not belong to LRRK2 families were recruited from movement disorders clinics in Kiel and Hamburg, Germany, and from community neurologists near these cities. Nonblood relatives of the patients with iPD and volunteers identified through advertisement were recruited by the German centers as controls without neurologic disease (unaffected controls). No preset sample size was set for the groups.
Genetic analysis. The presence of the G2019S mutation was evaluated using a restriction digest assay (SfcI) as described previously 4 for the Toronto, Curitiba, and Sunnyvale subjects and using direct sequencing for the German subjects. Controls were also tested for mutations. Probands were also examined for mutations in Parkin, PINK1, [alpha]-synuclein, GBA, and DJ-1 (Toronto, Curitiba, and Sunnyvale subjects only for GBA and DJ-1) genes, but none were found.
Evaluations.
Probands were asked to participate in comprehensive neurologic evaluations, and to invite their first-degree relatives to participate. Any affected family member was also asked to send a letter of invitation to their first-degree relatives. In-person evaluations were performed between 2006 and 2009 and included a neurologic examination and videotape, the Unified Parkinson's Disease Rating Scale (UPDRS), the State-Trait Anxiety Inventory (STAI), the Beck Depression Inventory, the Brief Smell Identification Test (B-SIT), the Farnsworth-Munsell 100-Hue test for color discrimination (100-Hue test), and the Cognitive Abilities Screening Instrument (CASI). 5 A Mini-Mental State Examination (MMSE) score can be estimated from the CASI. 5
Assessment of parkinsonism.
For all LRRK2 probands and relatives, the presence of parkinsonism was assessed blind to the mutation status by the in-person examiner and independently by videotape review (C.M. or A.E.L.). When the 2 evaluations disagreed on any feature, a second blinded independent video review by a third neurologist was undertaken and the majority opinion was used. Parkinsonism was defined as present when at least 2 of rest tremor, bradykinesia, rigidity, or postural instability were present. Rigidity was accepted from the in-person examiner alone. If one or more of the 2 or 3 features identified was rated only as questionably present, then a rating of "questionable parkinsonism" was assigned. Subjects with definite or questionable parkinsonism were evaluated for the presence of PD by 2 expert reviewers (C.M. and A.E.L.) using all available information (medical history, medical records, video, in-person examiner's ratings). The most likely diagnosis was determined according to 1) Queen Square Brain Bank Criteria (modified to allow a family history of PD) and 2) clinical expert opinion. Individuals with parkinsonism and LRRK2 mutations were designated as manifesting carriers and any signs atypical for PD were noted. Subjects with iPD and unaffected controls also underwent a clinical evaluation including the UPDRS by a neurologist to confirm the presence or absence of parkinsonism.
Standard protocol approvals, registrations, and patient consents. All subjects provided written informed consent to participate. The study was approved by the ethics board of the University Health Network, Toronto, Canada, and that of each individual participating site.
Statistical analysis.
Manifesting carriers were divided into 4 groups defined by disease duration and phenotypic features were summarized within each group. Disease duration was calculated as the interval between symptom onset and evaluation. Demographic, motor, and nonmotor features in individuals with LRRK2-PD and iPD were compared. Relevant symptoms and signs were also compared among nonparkinsonian mutation carriers, noncarrier relatives, and unrelated controls. Comparisons were repeated in the subset of nonparkinsonian individuals over 45 years of age. Continuous variables were compared using linear regression adjusting for age and (for PD group comparisons) disease duration. Categorical variables were compared using logistic regression adjusting for the same covariates. No adjustment was made for multiple comparisons. To address differences in age and disease duration between the LRRK2 and iPD groups, 3 sets of sensitivity analyses were performed: 1) excluding outlying observations from the LRRK2-PD group that did not overlap with values in the iPD group, 2) excluding the youngest subjects with iPD, and 3) excluding the subjects with iPD with the shortest disease duration.
German subjects were evaluated using the old UPDRS while subjects from all other centers were evaluated using the Movement Disorder Society-sponsored revision of the UPDRS (MDS-UPDRS). 6 To facilitate comparison, we modified the motor MDS-UPDRS to retain only compatible items between old and new UPDRS. The items freezing (3.11) and rest tremor constancy (3.18) were removed. To rate leg bradykinesia, the highest score on items 3.7 (toe tapping) and 3.8 (leg agility) for each leg were taken as the score for that leg. To rate postural or kinetic tremor, the highest score on items 3.15 (postural tremor) and 3.16 (kinetic tremor) for each arm was taken as the score for that arm. No imputation was made for missing data. Subjects missing values on a particular outcome were not included in the analysis for that particular outcome.
RESULTS
Fifteen unrelated probands with G2019S mutations were recruited (4 from Toronto, 2 from Bra-zil, 6 from California, and 3 from Germany). None declined to participate. A total of 112 relatives were examined from the 15 families. Two subjects did not provide blood samples; however, the related parent for both of these individuals was tested and was negative for the mutation. The subjects were therefore considered negative for the mutation. However, the married-in spouse was not tested for the mutation.
LRRK2 mutation carriers. Among the 112 examined subjects, 54 carriers of LRRK2 G2019S mutations were identified. The ages at examination of the LRRK2 family member subjects are shown in figure 1. Twenty-five mutation carriers were determined to have parkinsonism (9 from Toronto, 7 from California, 6 from Brazil, and 3 from Germany). Twentyfour met Queen Square Brain Bank Criteria for PD (modified to allow a family history of PD). Past medical history on the remaining subject was not sufficiently detailed to apply the criteria. All were believed by expert opinion to have a most likely diagnosis of PD. Neurologic diagnoses in the 29 nonmanifesting carriers were cervical dystonia and questionable parkinsonism (1), possible cervical dystonia (1), craniopharyngioma (1), and chronic inflammatory demyelinating polyneuropathy (1) . Five relatives without mutations were determined to have parkinsonism with the following clinical diagnoses: PD (1), progressive supranuclear palsy (1), and parkinsonism with dementia not further defined (3) . Other neurologic diagnoses in noncarrier family members were tics (1) and segmental dystonia (1) .
The clinical characteristics of the LRRK2 manifesting carriers are shown in tables 1 and 2. Tremor was the most commonly recognized initial symptom. A total of 23 of 24 manifesting carriers who had been treated with dopaminergic medication reported a good response. All subjects were examined in the "on" state except one subject who was not treated with dopaminergic medication. Table 2 shows the clinical features divided in groups according to disease duration at examination. Postural instability (6/8) and gait disorders (7/8) were common even in early disease. Motor fluctuations and dyskinesias were common. Olfactory identification was abnormal for age in only 2 of the 7 tested individuals with short disease duration (0 -5 years) but was abnormal in 8/10 with very long duration (Ն16 years). Other nonmotor features of PD (constipation, urinary dysfunction, sleep disturbance, depression, and anxiety) were common from early disease and did not become more prevalent in the longer disease duration groups. Color discrimination was abnormal for age (as de-
Figure 1
Age distribution of family member participants by mutation and clinical status Age at the time of evaluations for all LRRK2 family members, grouped by clinical status presence or absence of parkinsonism (manifesting or nonmanifesting) and mutation status. Age at onset, y, mean (SD) 59 (11) Initial symptom reported on history, n Tremor 16
Reduced armswing 3
Gait disorder 1
Change in writing 1
Loss of energy 1
Muscle stiffness 1
Change in voice 1
Pain 1
Good response to levodopa, n (%) 23 (96) a a One subject was untreated.
fined by an error score above the 95th percentile for age 7 ) in 11/19 tested individuals.
LRRK2-PD compared with iPD. Table 3 compares the clinical features of 84 subjects with iPD to those with LRRK2-PD. Subjects with iPD were younger and had shorter disease duration at the time of examination than those with LRRK2-PD. The overlap of both age and disease duration is substantial (figures e-1 and e-2 on the Neurology Web site at www. neurology.org) and statistical adjustment was deemed a valid approach. All comparisons are adjusted for age and disease duration. Tremor was more common as an initial symptom in LRRK2-PD and gait dysfunction was more frequent at the time of evaluation, adjusting for disease duration. There were no significant differences in UPDRS scores between the groups, or in the Several differences were observed among nonmotor symptoms. LRRK2-PD subjects had better olfactory identification compared with iPD subjects; however, they had higher Beck Depression Inventory scores and higher error scores (worse performance) on the 100-Hue test of color discrimination.
When the analyses were repeated excluding 8 outlying LRRK2-PD subjects with the oldest age or longest disease duration or reducing the iPD group to the oldest (mean age 70 Ϯ 7 years) or longest duration (mean duration 10 Ϯ 6 years), we found the same results (tables e-1 through e-3). 
Nonmanifesting G2019S mutation carriers compared
with noncarriers. Table 4 shows neurologic and psychiatric features in 29 nonmanifesting G2019S mutation carriers, 53 related noncarriers without parkinsonism, and 112 unrelated controls. The nonmanifesting mutation carriers were a similar age to their noncarrier relatives but were younger than the unrelated controls. The nonmanifesting carriers were on average 9 years younger at the time of examination than the mean age at onset of the manifesting carriers. All analyses are adjusted for age. The greatest differences were between the unaffected controls and the family members, regardless of the presence of the mutation in the family members. Motor UPDRS scores were higher in the family members than in unrelated controls. Family members more frequently reported constipation and had higher 100-Hue test error scores (worse color discrimination). The only notable difference between unaffected mutation carriers and noncarriers within the families was a marginally significant difference in the frequency of postural and action tremor (more common in mutation carriers). When the 3 groups without parkinsonism were restricted to those over the age of 45, this difference became more marked (38% vs 10%, p ϭ 0.01). Otherwise, the results were the unchanged by the restricted age range, which brought the groups much closer together in average age (table e-4). Eleven percent (3/29) of nonmanifesting mutation carriers and 21% (11/53) of nonparkinsonian related noncarriers were believed to have one or more parkinsonian signs that together did not meet criteria for parkinsonism. One mutation carrier (age 57) and one related noncarrier (age 25) were believed to have questionable parkinsonism by global impression that did not meet diagnostic criteria for PD. DISCUSSION Our findings are in agreement with the majority of reports of the clinical features of LRRK2-associated PD, which indicate that the phenotype is not distinguishable from iPD. There have been individual exceptions to this, however; atypical cases with supranuclear gaze palsies, 8 prominent dementia, 9 or psychosis unrelated to medications. 10 Tremor was a more common presenting feature in our LRRK2 group compared with iPD, and this was also found in a large international study. 1 It has been suggested that the course of LRRK2-PD is more benign than that of iPD, when compared to cases from a brain tissue bank. 1 In our direct comparison, individuals with iPD and LRRK2-PD of long duration had similar UPDRS motor scores suggesting a similar course. In contrast, a comparison of 73 Tunisian Table 4 Neurologic and psychiatric features in nonparkinsonian mutation carriers vs noncarriers* subjects with PD with LRRK2 G2019S mutation with 107 subjects with PD without known genetic cause found higher UPDRS motor scores and more dyskinesias in the mutation carriers after adjusting for disease duration and age. 11 Longitudinal evaluation would more convincingly define the course of LRRK2-PD. The nonmotor features found in iPD were also found in our LRRK2-PD cases, but some differences in degree were noted. Better (though abnormal) olfactory function in LRRK2-PD compared with iPD is in keeping with suggestions from several other groups. 1, 12, 13 Yet other groups have found frequencies of hyposmia similar to iPD. 14, 15 To our knowledge, comparisons of color vision, depressive symptoms, or anxiety have not previously been made directly with iPD, although depression and anxiety have been noted to be common. 1, 14, 16 This is the largest group of nonmanifesting carriers described to date, to our knowledge. The only difference we found between nonmanifesting mutation carriers and related noncarriers was a higher frequency of postural or action tremor in the mutation carriers. The specificity of this as a predictor of future parkinsonism is likely to be low, as it was also present in 13% of the unrelated controls. Previous studies of asymptomatic LRRK2 mutation carriers have reported subtle gait changes detected by accelerometer. 17 Another study found no differences on MMSE, Mattis Dementia Rating Scale, other cognitive tests, or olfactory function between 12 nonmanifesting carriers aged 40 to 73 and 8 related noncarriers. 18 In another study, 2 asymptomatic carriers were found to have normal olfaction at the ages of 36 and 47. 15 Among the subjects without parkinsonism, it was notable that the major differences were found between the unrelated controls and the family members, regardless of mutation status. Higher motor UPDRS scores in the family members may be due to greater vigilance for these signs on the part of the examiners, who were aware of the related (though not the mutation) status of the family members, or volunteer bias, if family members with subtle symptoms were more interested to participate. Other differences between unaffected family members and controls (e.g., color discrimination, rates of constipation) that are less susceptible to examiner bias suggest the clustering of neurologic signs within these families. If real, it suggests that the relatives have subclinical motor and nonmotor signs (and perhaps, by extension, a predisposition to PD) that are independent of LRRK2 mutations. Most of the nonmanifesting family members examined belong to multiplex families, and some coexisting risk factors, either environmental or genetic, could account for high pen-etrance as well as the presence of 4 individuals with parkinsonism in the absence of a LRRK2 mutation (phenocopies) in these families. The high prevalence of dystonia (3 individuals of 112 examined, 2 of whom had LRRK2 mutations) is also notable and further suggests predisposing factors to neurologic dysfunction in these families.
Two important features of our sample are relevant to the interpretation of the results. First, volunteer biases may accentuate differences between nonmanifesting relatives and unrelated controls, due to different motivations for participating. Second, many comparisons were performed, increasing the possibility of significant findings due to chance alone. Although our sample is the largest group of nonmanifesting carriers reported to date, our sample is still small, limiting our ability to identify statistical significance for any but large effects. Our findings need to be confirmed in other studies to assess their reproducibility.
iPD is clinically heterogeneous. It may encompass several diseases with an overlapping spectrum of manifestations. 19, 20 Our data and those of others suggest that LRRK2-PD fits well within this clinical spectrum, with a tendency to be more homogeneous in some respects than all of iPD (e.g., tremordominant, uniformly good response to levodopa). If this is so, LRRK2 mutations provide an important mechanism for identifying an at-risk cohort, and a model for studying pathophysiologic changes present at the earliest stages of PD as well as interventions for disease prevention or delaying disease onset or progression. Premotor abnormalities are subtle if present and longitudinal evaluations in unselected LRRK2 mutation cohorts will be necessary to document whether or not and when nonmanifesting carriers develop nonmotor neurologic abnormalities and whether or not these are antecedents to parkinsonism.
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